Gene UL9 of herpes simplex virus type 1 (HSV-1) encodes a sequence-specific origin-binding protein (OBP) that plays a direct and essential role in viral DNA synthesis. A search of the complete HSV-1 genomic sequence for possible OBP binding sites lying outside the known origins of replication revealed the presence of a very close match to the OBP recognition sequence within the UL9 coding region. The ability of OBP to bind to this site (referred to as the 'UL9 box') was confirmed by DNase I footprinting and gel retardation assays, and filter binding experiments demonstrated that the affinity of OBP for the UL9 box was of the same order as for its high affinity sites within the three replication origins. To investigate whether binding of OBP to the UL9 box played a role during viral replication we constructed a mutant virus in which the sequence was altered in such a way as to preserve the encoded amino acid sequence whilst abolishing the ability of OBP to bind. Growth of the virus was indistinguishable from wild-type and no alterations were observed in the accumulation of transcripts from the UL9 region of the genome. In addition, a DNA fragment containing the UL9 box sequence did not exhibit origin activity in a transient assay for viral DNA synthesis. We therefore conclude that binding of OBP to the UL9 box is not essential for virus growth and that expression of the UL9 gene is unlikely to be autoregulated through this site.
Introduction
Herpes simplex virus type 1 (HSV-1) encodes seven proteins that perform direct and essential roles during replication of its linear double-stranded DNA genome. The genome contains three cis-acting signals that are believed to function directly as origins of DNA synthesis: identical copies of ori s map to the inverted repeats that flank the short unique segment and a single copy of ori L is located near the centre of the long unique region (reviewed by Challberg, 1991) . The UL9 gene product, one of the seven viral proteins required for viral DNA replication, functions as a sequence-specific originbinding protein (OBP) and by analogy with other replicons is thought to play an important role in the initiation of DNA synthesis (Olivo et al., 1988) .
Although ori s and ori L differ in DNA sequence they nevertheless share a number of key features that suggest they probably function similarly. Both contain DNA * Author for correspondence. Fax +44 141 337 2236. e-mail n.stow@scorch.vir.gla.ac.uk palindromes and, although the oriz palindrome (144 bp) is substantially longer, there is 85% sequence identity over a region covering the ori s palindrome (46 bp) and extending 40 bp to one side (Stow & McMonagle, 1983; Weller et al., 1985) . A high affinity binding site for the UL9 protein is present on each arm of the palindrome separated by approximately 30 bp which include a central region (18-20bp) containing exclusively A and T residues. In ori s the OBP recognition sequences are referred to as sites (or boxes) I and II, with site I exhibiting an approximately 5-fold higher affinity for the protein (Elias & Lehman, 1988; Olivo et al., 1988; Koff & Tegtmeyer, 1988) . OriL, in contrast, contains the site I sequence in both positions. A much lower affinity binding site for OBP (site III) and a recognition sequence for a cellular protein (OF-l) are also present in both origins (Elias et al., 1990; Dabrowski & Schaffer, 1991; Dabrowski et al., 1994) . Studies using mutants in OBP and ori s indicate that the interaction of OBP with sites I and II is a prerequisite for efficient viral origin-dependent DNA synthesis Hernandez et al., 1991; Martin et al., 1991; Stow et al., 1993) .
Several experimental approaches including DNase I footprinting, chemical modification and mutagenesis studies have been employed to characterize the OBP 0001-3812 © 1996 SGM binding site. The results indicate that the sequence recognized at site I is CGTTCGCACT (Koff & Tegtmeyer, 1988; Elias et al., 1990; Hazuda et al., 1991) . The corresponding sequence at site II of oris, TGCTCGCACT, differs at the two underlined positions, presumably accounting for the reduced binding affinity.
Despite the detailed analysis of the OBP binding sites within the origin regions, the possibility that the UL9 protein may also perform important functions by binding to other regions of the HSV-1 genome has not been examined. In this manuscript we describe the identification and characterization of a high affinity binding site (referred to as the' UL9 box') which is located within the UL9 gene itself.
Methods
Oligonucleotides and plasmids. Oligonucleotides synthesized in the trityl-on mode on a Beckman DNA SM synthesizer were purified on OPC cartridges (Applied Biosystems). Complementary oligonucleotides were annealed and used in filter binding and gel retardation experiments. The names and sequences of the oligonucleotides are shown in Table 1 . Single-stranded oligonucleotides were used for sitedirected mutagenesis and to detect recombinant viruses (see below). The pTZ series of plasmids (Mead et al., 1986) were used as vectors. Plasmid pTZKHUL9 contains a 10 kbp KpnI-HindlII fragment of HSV-1 strain F (nucleotides 17793 27986; numbering throughout is according to McGeoch et al., 1988) cloned into the vector pTZ18r. A mutated derivative (pTZKHUL9BOX-) in which the UL9 box sequence (TGTTCGCACT, at nucleotides 23185-23194) was changed to TGCTCACATT was generated by site-directed mutagenesis using a single-stranded mutagenic oligonucleotide as described (Stow et al., 1993) . DNA sequencing of these plasmids indicated that the HSV-1 strain F UL9 box sequence was identical to that previously reported in HSV-1 strain 17 (McGeoch et al., 1988) and confirmed the presence of the three base changes in pTZKHUL9BOX . Plasmid pTZ19.CTUL9 consists of a BamHI-BstBI fragment of HSV-1 (nucleotides 21202-21663) inserted into the vector pTZ 19r and riboprobes generated from this fragment detect the ULS.5, UL9 and UL9.5 mRNAs (Baradaran et al., 1994) . Plasmid pTZ18.UL10r contains a NarI fragment (nucleotides 23546-24885) including the UL10 gene inserted into pTZ18r. Plasmid pEC8 contains a 100 bp BamHl plus Sall ori s containing fragment derived from plasmid pS19 (Stow & McMonagle, 1983) inserted between the corresponding sites of pTZ19U.
Filter binding, DNase I footprinting and gel retardation assays. OBP was purified as previously described from E. coli cells (Elias et al., 1992) . The affinity of OBP for putative binding sites on the HSV-1 genome was assessed in nitrocellulose filter binding assays using unlabelled duplex oligonucleotides as competitors for OBP binding to a radiolabelled oligonucleotide containing the ori s binding site I sequence (Elias et al., 1990) . A 5" end-labelled 100 bp restriction enzyme fragment (nucleotides 23161-23260) containing either the wildtype UL9 box sequence, TGTTCGCACT, or the mutated version, TGCTCACATT, was used in DNase I footprinting and gel retardation experiments as described by Elias et al. (1990 Elias et al. ( , 1992 . The gel retardation assay employed a truncated version of OBP (AOBP) representing the sequence-specific DNA binding domain (Elias et al., 1992) .
Cells and viruses. Virus was propagated on baby hamster kidney (BHK) 21 clone 13 cells as previously described (Brown et al., 1973) . The temperature sensitive mutant tsS syn +, derived from HSV-1 Glasgow strain 17 syn + (Marsden et al., 1976) was used in the construction of ts ÷ recombinants carrying either the wt or mutated UL9 box sequence. DNA from tsS was cotransfected with the 10 kbp Kpnl-HindlII fragment from either pTZKHUL9 or pTZKHUL9BOX-essentially as described (Stow et aL, 1978) and the cells incubated for 3 days at 31 °C (permissive temperature). Ts + recombinants were isolated following three cycles of plaque purification at 39 °C (non-permissive temperature) using an overlay containing 1% carboxymethyl cellulose, and their identities were verified as described in Results. Two independent recombinants carrying the mutated sequence (ts+/mutl and ts+/mut2) and a ts + recombinant with the wt UL9 box sequence (ts+/wt) were obtained and used to prepare working stocks.
Single-step growth curves. Replicate cultures of BHK cells were infected at 2 p.f.u./cell and incubated at 39 °C. The inoculum was removed after 2 h and replaced with fresh medium. At the indicated times after virus addition the plates were harvested. Virus progeny was titrated on BHK cell monolayers at 31 °C.
Accumulation of viral DNA. Monolayers of cells were harvested at various times after infection and total cellular DNA was prepared. Aliquots of DNA were cleaved with BamHI and fragments separated by electrophoresis through a 1% agarose gel. Fragments were transferred to a Hybond-N + membrane (Amersham) and hybridized Table 1 .
Affinity of OBP for putative binding sites within the HSV-1 genome
The duplex oligonucleotides, which contain either the known HSV-1 ori s binding site I sequence (PE23/24) or other related sequences identified as possible UL9 binding sites (underlined), were used as competitors in nitrocellulose filter binding assays. The relative Ka was estimated from the concentration of competitor relative to PE23/24 required to reduce the bound radioactivity by 50 %. Analysis of viral transcription. BHK cells were infected at 5 p.f.u./cell and total RNA was prepared at various times as described by Chomczynski & Sacchi (1987) . The RNA was analysed on 1% agarose gels containing 2.2 M-formaldehyde, 20 mM-MOPS pH 7'0, 5 mMsodium acetate and 1 mM-EDTA, transferred to a Hybond-N+ membrane (Amersham) and hybridized essentially according to the manufacturer's instructions. The membrane was soaked for 1 h in 5x SSPE, 5 ×Denhardt's solution, 0"5% SDS, 1 mM-ATP and 20 lag/ml heat-denatured calf thymus DNA. Riboprobes to detect the UL8.5, UL9 and UL9.5 transcripts were synthesized from linearized pTZ18.CTUL9 with T7 RNA polymerase in the presence of [z2P]UTP (3000 Ci/mmol). The labelled EeoRI-HindIII fragment of pTZ18,UL10r was used to detect UL10 transcripts. Riboporobes were treated with 50 units RNase-free DNase I (Boehringer) and extracted with phenol-chloroform before hybridization. Probes were added to a final concentration of 106 c.p.m./ml and incubated for 15-18 h at 65 °C for DNA probes or at 70 °C in prehybridization solution containing 50 % formamide for riboprobes. The membranes were washed at the temperature of hybridization in 2×SSPE, 0.1% SDS followed by 0.1 x SSPE, 0-1% SDS and exposed to autoradiographic film. The bands corresponding to the UL8.5, UL9, UL9.5 and UL10 transcripts were quantified on a computing microdensitometer (Molecular Dynamics model 280A).
Transient assay for HSV origin-dependent DNA replication. Monolayers of BHK cells were transfected with test plasmids, superinfected with HSV-I and screened for the presence of amplified vector sequences as described previously .
Results

Possible OBP binding sites in the HSV-1 genome
Previous studies employing the high affinity binding site within ori s (site I) demonstrated that the recognition sequence for HSV-10BP (UL9 protein) is the 10 bp sequence CGTTCGCACT (Koff & Tegtmeyer, 1988; Elias et at., 1990; Hazuda et al., 1991) . The importance of individual residues for high efficiency binding has been assessed by systematic mutagenesis of this motif, and amongst the key findings is the observation that alterations to the central CGC sequence dramatically reduce binding efficiency (Elias et al., 1990; Hazuda et at., 1991) . We utilized these data in a computer-assisted search of the complete HSV-1 DNA sequence (McGeoch et at., 1988) for possible additional OBP binding sites lying outside the known origin regions. The sequences of several additional putative binding sites identified by this search are shown in Table 1 .
A particularly noteworthy sequence (TGTTCGCACT at nucleotides 23185-23194) which differs from the site I sequence at only the first residue was identified within the UL9 gene close to the start of the open reading frame (amino acids 23-26). Furthermore, this sequence represents the only occurrence outside the origin regions of the consensus motif YGYTCGCACT (where Y represents a pyrimidine residue) derived from ori s binding sites I and II.
The relative binding affinities of UL9 for the sequences presented in Table 1 were experimentally determined using a nitrocellulose filter binding assay in which the unlabelled duplex oligonucleotides corresponding to the putative binding sites were used as competitors of binding to a radiolabelled site I probe. The results indicate that amongst the putative sites the UL9 protein bound with highest affinity to the sequence within the UL9 gene. The relative affinity of the protein for this sequence was only 2-fold lower than for site I in ori s. Since previous results obtained using similar methods have indicated an approximately 5-fold lower affinity of OBP for ori s site I than for site II it is apparent that its affinity for the sequence within the UL9 gene is at least equal to and possibly greater than for the functional site II. This suggested the possibility that the binding site within the UL9 gene (which we shall subsequently refer to as the 'UL9 box') may play a role during HSV-1 infection.
A DNase I footprint experiment using an end-labelled 100 bp restriction enzyme fragment (nucleotides 23161-23260) confirmed that OBP bound to the UL9 box sequence (Fig. 1 a, panel A) . The affinity of OBP for a mutated oligonucleotide (OH5/5r) containing three nucleotide changes within the UL9 box sequence was reduced by approximately 1000-fold in a competition filter binding assay (Table 1) . No interaction was detected between the 100 bp fragment carrying these alterations to the UL9 box sequence and OBP by DNase I footprinting (Fig. l a, panel B) . Similarly, in a gel mobility shift assay, a truncated UL9 protein (AOBP) containing the sequence-specific DNA binding domain generated a retarded complex with the 100 bp fragment containing the wild-type but not the mutated UL9 box sequence (Fig. 1 b) .
Construction of viruses lacking the UL9 box sequence
In order to examine a possible role of the UL9 box motif we constructed and characterized an HSV-1 mutant in which the sequence had been mutated so as to abolish binding activity. Since the UL9 box lies within the sequences specifying the N-terminal end of the UL9 protein, mutations were introduced in such a way as to leave the encoded amino acids unaltered. This was achieved by changing the sequence TGTTCGCACT to TGCTCACATT. As described above, recognition of the mutated sequence (present in the oligonucleotide pair OH5/5r) was not detected in a gel retardation assay and the relative binding affinity of OBP was reduced 1000-fold (Table 1) .
The mutated sequence was introduced into a 10 kbp KpnI plus HindlII fragment of wt HSV-1 strain F (nucleotides 17793-27986) and the parental and mutated fragments used separately to rescue the HSV-1 strain 17 mutant tsS which contains a lesion conferring temperature sensitivity at position 22992 within the UL9 gene (Bltimel & Matz, 1995) . The use of the strain F fragment allows rescued virus to be distinguished from revertants since a BamHI site absent from HSV-1 strain 17 is present at position 23232. Ts + isolates were obtained with both the parental (ts+/wt) and mutated (ts+/mutl and ts+/mut2) DNA fragments.
To confirm the identities of the ts + viruses, a Southern blot was performed on BamHI cleaved DNA using oligonucleotides corresponding to either the wild-type or mutated UL9 box sequences as probes (OH3 and OH5, respectively). The presence of the additional BamHI site in strain F DNA results in the detection of a 1.5 kbp fragment, in contrast to the 12.5 kbp fragment generated from strain 17 DNA. Fig. 2 shows that all three viruses yielded the 1.5 kbp fragment diagnostic of strain F indicating that they are true recombinants. In addition, ts+/mutl and ts+/mut2 hybridized specifically to the 
Growth of ts+/mutl and ts+/wt
The replication of ts + recombinants containing either the wt (ts+/wt) or mutated UL9 box (ts+/mutl) was compared in single-step growth experiments at the nonpermissive temperature. In contrast to the parental virus, tsS, which did not replicate at 39 °C, both ts+/wt and ts+/mutl grew efficiently and with essentially identical kinetics (Fig. 3) . This experiment confirms the rescue of the temperature sensitive lesion of tsS and indicates that the removal of the UL9 box sequence does not have any significant effect on virus replication.
Comparison of the time-course of accumulation of HSV-1 DNA during infection by ts+/wt and ts+/mutl also did not reveal any significant difference (Fig. 4) .
Transcription from the UL9 region of the genome
Although the above experiments did not reveal differences in overall growth or DNA synthesis between ts+/wt and ts+/mutl it remained possible that by binding to the UL9 box OBP might be affecting transcription from this region of the genome. Several overlapping transcripts from the UL9 locus have been described (Baradaran et al., 1994) and are illustrated in Fig. 5 . Of particular interest is the observation that both the UL9 and UL10 transcripts (and presumably also the UL9.5 transcript) encompass the UL9 box.
To compare transcription from this locus, total cellular RNA prepared at various times after infection was analysed on Northern blots which were hybridized to probes capable of detecting the UL8.5, UL9, UL9.5 and UL10 transcripts. Relative band intensities were measured using a computing microdensitometer and the results are presented in Fig. 6 . It can be seen that all four transcripts accumulated to similar levels and exhibited similar patterns of temporal regulation in cells infected with either ts+/wt or ts+/mutl. In agreement with Baradaran et al. (1994) the UL8.5, UL9 and UL9.5 transcripts exhibited delayed-early kinetics and the UL 10 transcript late kinetics. The presence of the UL9 box sequence therefore appears to have no significant effect upon the regulation of transcription from this region of the HSV-1 genome.
The UL9 gene does not contain a functional origin of replication
Transient replication assays were performed in BHK cells in order to examine whether the UL9 box might be part of an unusual HSV-1 replication origin. Cells were transfected with the vector pTZ19U or recombinant plasmids containing either a known functional Otis (pEC8) or the full-length UL9 gene (nucleotides 20670-23542; plasmid p301) and superinfected with wt HSV-1. Total cellular DNA was cleaved with EcoRI and DpnI and hybridized to a plasmid vector probe. A DpnIresistant band indicative of replication of the input plasmid was detected with plasmid pEC8 but not pTZ19U or p301 (data not shown). The sequences O. Hammarsten, P. Elias and N. D. Stow 
Discussion
The presence of a high affinity binding site for the HSV-10BP (UL9 protein) within its own gene is an intriguing finding. Although fragments representing the whole viral genome have not been directly examined for OBP binding, our analysis suggests that the UL9 box is very likely to be the highest affinity site outside the known replication origins. Strikingly, this binding site lies only 0.0005 genome lengths (i.e. about 75 bp) from the start of the UL9 open reading frame. These observations initially suggested to us that the UL9 box may have an important role during virus growth. Previous observations indicated that virus replication is severely inhibited in cells in which the wild-type UL9 protein is intentionally overexpressed (Malik et al., 1992; Stow et al., 1993) . Binding of OBP to the UL9 box might therefore be envisaged as a mechanism by which the protein could autoregulate its expression and prevent the accumulation of inhibitory concentrations. Our previous study (Stow et al., 1993) had shown that in a transient transfection assay for HSV-1 origin-dependent DNA synthesis the presence of the UL9 box within the UL9 gene was not required for efficient replicative activity. However, in these experiments the replication genes were not expressed from their own promoters but from a strong heterologous promoter, and it remained possible that this might mask an important activity of the UL9 protein in the context of the viral genome. The construction of a mutant virus, ts+/mutl, containing an inactivated UL9 box sequence enabled us to investigate this possibility.
A detailed characterization of ts+/mutl revealed no impairment in terms of overall growth, accumulation of viral DNA or transcription from the UL9 region of the genome. Furthermore, the UL9 box did not appear to be a component of an unusual viral DNA replication origin. Therefore, despite our original hypothesis, we now consider it unlikely that an interaction between OBP and the UL9 box sequence contributes significantly to the control of expression of any of the transcripts through this locus. The presence of a binding site for the UL9 OBP within its own gene may therefore simply represent a fortuitous occurrence. However, we cannot exclude the possibility that viruses with this sequence may have a selective advantage in vivo. The lack of a detectable in vitro phenotype for mutant ts+/mutl might then parallel the situation with HSV-1 mutants containing lesions in a number of'non-essential' genes which also behave like wild-type virus in tissue culture. Interestingly, a putative UL9 binding site, identical in sequence to site II of ori s, occurs in the HSV-2 genome at a position equivalent to the HSV-1 UL9 box (A. Dolan & D.J. McGeoch, personal communication) .
Complete genomic sequences are available for two other alphaherpesviruses, varicella-zoster virus (VZV) and equine herpesvirus type 1 (EHV-I) (Davison & Scott, 1986; Telford et al., 1992) . Both viruses encode homologues of UL9 and UL10 in equivalent genomic locations. They also contain replication origins similar in structure to HSV-1 ori s with conserved binding sites for an OBP that have sequences identical, or very closely related, to CGTTCGCACT Martin & Deb, 1994) . In contrast to HSV-1, however, potential OBP binding sites are absent from the region encoding the UL9 and UL10 homologues. Alignment of protein and DNA sequences from the three herpesviruses indicates particularly poor conservation in the region specifying the N-terminal 25 amino acids of HSV-1 UL9 and the N-terminal 28 amino acids of UL10 ('low homology region' in Fig. 5b) . Moreover, there is also considerable variation in the length of this region between the three viruses (97, 157 and 136 bp in HSV-1, EHV-1 and VZV respectively). The poor sequence conservation and absence of a potential OBP binding site from this region of the VZV and EHV-1 genomes indicate that any potential function of the HSV-I UL9 box sequence is unlikely to operate in VZ¥ and EHV-1.
Nevertheless, the observation that considerable alteration in protein sequence can apparently be tolerated remains compatible with the acquisition of an important cis-acting DNA signal in this region of HSV-1. Such a signal might possibly confer virus-specific properties during the natural course of infection.
